Polyimide nanoparticles are fabricated using a combined liquid-liquid phase separation and solvent/ nonsolvent mixing technology. This technology allows us to produce stable polyimide nanoparticles with tunable size without any surfactants. Selective solvation and electron pair donor/electron pair acceptor interaction are employed to stabilize nanoparticles. The formation of polyimide nanoparticles is governed by a nucleation-dominated process and therefore the particle size is controlled by the nucleation rate. A very high level of supersaturation can be attained under the intensive local motions induced by ultrasound, resulting in a very high nucleation rate. This effect is found extremely useful in the fabrication of sub-50-nm polyimide nanoparticles. © 2004 American Institute of Physics. [DOI: 10.1063/1.1828598] In the fabrication of hydrophobic polymer nanoparticles, surfactants are often employed to stabilize the nanoparticles and to control their size distribution.
In the fabrication of hydrophobic polymer nanoparticles, surfactants are often employed to stabilize the nanoparticles and to control their size distribution. 1 However, the addition of surfactants not only lowers the polymer solid content in the dispersions, but it also limits the scope of their application. 2 To date, the removal of surfactants without affecting the stability has turned out to be extremely difficult, if not impossible. [2] [3] [4] [5] Great efforts have been undertaken to achieve surfactant-free polymer nanoparticles. For example, it is possible to obtain surfactant-free polystyrene nanoparticles by using the appropriate initiator and emulsion polymerization conditions. 1, 4 The recently developed selective solvation 6 (also referred to as preferential solvation 7 ) appears promising in fabricating surfactant-free polymer nanoparticles in a much easier way. It has been found that, in a binary solvent mixture, solute molecules tend to surround themselves preferably with the solvent component, which leads to a more negative Gibbs energy of solvation. 6 A similar phenomenon is also expected when macromolecules are present in a binary solvent mixture. 7 This result implies that if we can disperse hydrophobic polymer nanoparticles in a nonsolvent-dominated solvent/nonsolvent mixture, nanoparticles may tend to surround themselves by a solventdominated solvation shell. Two challenging questions then arise: (1) Is this solvation shell helpful in obtaining stable polymer nanoparticles? (2) How can we tune the nanoparticle size in a nonsolvent-dominated solvent/nonsolvent mixture?
In this letter, we will explore a surfactant-free technology to prepare size tunable polyimide nanoparticles. We will first establish conditions ensuring the stability of polyimide nanoparticles in a nonsolvent-dominated solvent/nonsolvent mixture. A stabilization mechanism will be put forward to interpret this phenomenon. Finally, three methods (including one ultrasound integrated method) will be examined to identify their effectiveness in tuning nanoparticle size.
The experiments were performed in two ways, denoted as the forward titration (FT) method and backward titration (BT) method, based on the moving directions of the composition locus in the ternary phase diagram (Fig. 1) . As an extension of the BT method, the so-called ultrasound enhanced backward titration (UEBT) method (Fig. 1) , ultrasound was introduced into the nanoparticle formation system. Two polyimides, P84 and Matrimid (Fig. 1) , were used as polymers while NMP (N-methyl-2-pyrrolidone) and ethanol were used as the solvent and nonsolvent, respectively. To get comparable experiment results, the same final compositions (2 ml 2 wt% polyimide/NMP solution +20 ml ethanol) were used for all three above methods. The morphology of the polyimide nanoparticles was observed using a JEOL JSM 6700 F field emission scanning electron microscope (FESEM) at 20 kV. The volume-average particle size and the particle size distribution were obtained by a Malvern highperformance particle sizer (HPPS).
To answer the first question raised earlier-concerning the role of the solvation shell in the nanoparticle stability: the key issue is to find a typical polymer/solvent/nonsolvent combination in which strong attractive interactions are promoted between the polymer and the solvent molecules to ensure the occurrence of selective solvation. Furthermore, special interactions between the solvent and nonsolvent molecules are also desirable for the purpose of reaching a lower Gibbs energy of solvation. To achieve these goals, first, we fixed the solvent and nonsolvent to be NMP and ethanol, respectively. Since NMP is an electron pair donor (EPD) solvent due to the presence of its lone electron pair, and ethanol is an electron pair acceptor (EPA) solvent, 6 an EPD/ EPA interaction arises between NMP and the ethanol molecules. Second, we examined a variety of polymers with poa)
Author to whom correspondence should be addressed: electronic mail: phyliuxy@nus.edu.sg lar structures. We found that two polyimides, P84 and Matrimid, fulfilled our requirements. The resulting nanoparticle dispersions (Fig. 2) obtained from the FT, BT, and UEBT methods were very stable. No detectable precipitation occurred in 25 days. In this period, particle size distribution also remained unchanged. We proposed that the stabilization mechanism of the polyimide nanoparticles has the form of a "stabilization chain".
To verify this mechanism, various molecular probes were used to replace one element in the stabilization chain. First, we used polystyrene (PS) to replace polyimide. Complete precipitation occurred immediately regardless of the concentration of the PS/NMP solution. This phenomenon took place because polystyrene, being a polymer with a weakly polar structure, interacts only weakly with NMP. Most NMP molecules are captured into the bulk ethanol, so that the selective solvation effect is very weak. Second, we replaced NMP with tetrahydrofuran (THF) or ethanol (nonsolvent) with dichloromethane ͑CH 2 Cl 2 ͒. Because both CH 2 Cl 2 and THF are apolar aprotic solvents, an EPD/EPA interaction cannot take place between solvent and nonsolvent molecules. As expected, we only obtained unstable dispersions in these two cases. The above three experiments indicate that selective solvation, in combination with an EPD/EPA interaction, can be used to stabilize polymer nanoparticles.
As to the answer to the second question raised earlier, concerning the tuning of the size of the polyimide nanoparticles: to achieve this goal, a way to control the energy barrier of the nanoparticle formation needs to be identified. Since the concentration of the polyimide/NMP solution is only 2 wt%, liquid-liquid phase separation can only occur through a nucleation and growth mechanism in the presence of a large amount of nonsolvent. 8 Figure 2 shows that the nanoparticles obtained with all three methods are round and regular. This particle morphology indicates that the surface free energy plays an important role in the nanoparticle formation, which is a typical feature of a nucleation controlled process. Based on the nucleation and growth theory, 9 the radii of the critical nuclei r c , the nucleation barrier ⌬G * and the nucleation rate J, which is the number of critical nuclei generated per unit time volume, can be expressed as
where k denotes the Boltzmann's constant, T is the temperature, B is a kinetic parameter and is constant for a given system, ⍀ is the volume of the growth unit, and ␥ cf is the surface free energy between the nuclei and the mother phase. is the supersaturation ͓ = ͑C 0 − C * ͒ / C * ͔, where C 0 is the polymer concentration of the ternary system before the phase separation (e.g., point B in Fig. 3 librium (e.g., point BЈ in Fig. 3 ). Since C * is very small and almost a constant, can be well represented by a line segment connecting the phase before and after phase separation (e.g., BBЈ in Fig. 3 ). For a nucleation controlled process, the particle size and the size distribution are controlled by the nucleation rate. According to Eqs. (1)-(3) , to achieve a high nucleation rate, we need to lower the nucleation barrier ⌬G * by establishing a high supersaturation. In this study, we tuned the supersaturation by taking three different kinetic paths (Fig. 3) . In the FT method, involving the addition of nonsolvent (ethanol), the composition of the whole system moves along a straight line [AB in Fig. 3(a) ]. Stable polyimide nanoparticles are obtained when the composition of the whole system exceeds the binodal line. In this case, the supersaturation is quite low. A low nucleation rate results in the production of rather large particles with quite extensive size distribution ͑100-300 nm͒ (Fig. 2) . In the BT method, the supersaturation is generated in a different way. When a drop of P84/NMP solution is introduced into the ethanol, stirring causes it to break up soon into small droplets. Because the viscosity of the polymer solution is much higher than that of the surrounding nonsolvent, the outflux of the solvent from the droplet is greater than the influx of the nonsolvent, leading to an upward locus in the phase diagram 10 [AB in Fig.  3(b) ]. Fast interdiffusion between droplets and the surrounding ethanol results in a high supersaturation in the droplet domain [BBЈ in Fig. 3(b) ], leading to a high nucleation rate. In this situation, we obtained small nanoparticles with a narrower size distribution ͑30-100 nm͒ (Fig. 2) . However, the BT method has a serious drawback: it prevents us from forming of sub-50-nm nanoparticles. In this method, when a drop of polymer solution is broken into many droplets, these droplets move along with the convection flow. Since the relative motion between droplets and convection flow is rather weak, the mass transfer boundary layer around the droplets becomes increasingly thicker with time. This inhibits the fast interdiffusion process that is necessary for a higher supersaturation. To overcome this serious drawback, ultrasound was introduced into the system (Fig. 1) . Ultrasound can induce very intensive relative motion near the tip region. Such intensive local motion not only breaks up instantly the introduced polymer solution into very fine droplets, but it also greatly enhances the mass transfer between the droplets and the surrounding nonsolvent. In this way an extremely high degree of supersaturation can be achieved [CCЈ in Fig. 3(b) ], leading to extremely small polyimide nanoparticles ͑10-50 nm͒ (Fig. 2) .
Compared with published works on polyimide particle fabrication, 11-13 our technology is much simpler. Utilizing selective solvation together with an EPD/EPA interaction, we can produce sub-50-nm polyimide nanoparticles in the absence of all surfactants. If suitable solvent and nonsolvent combinations are available, hopefully our technology can be extended to other polymers. 
